Acute lymphoblastic leukemia (ALL) in infants younger than 1 year is a rare but relatively homogeneous disease (B80% MLL gene rearranged, B70% CD10-negative) when compared with childhood and adult ALL. Several studies in children and adults with ALL have shown that minimal residual disease (MRD) status is a strong and independent prognostic factor. We therefore evaluated the prognostic significance of MRD in infant ALL. Ninety-nine infant patients treated according to the Interfant-99 protocol were included in this study. MRD was analyzed by real-time quantitative PCR analysis of rearranged immunoglobulin genes, T-cell receptor genes and MLL genes at various time points (TP) during therapy. Higher MRD levels at the end of induction (TP2) and consolidation (TP3) were significantly associated with lower disease-free survival. Combined MRD information at TP2 and TP3 allowed recognition of three patients groups that significantly differed in outcome. All MRD-high-risk patients (MRD levels X10 À4 at TP3; 26% of patients) relapsed. MRD-low-risk patients (MRD level o10 À4 at both TP2 and TP3) constituted 44% of patients and showed a relapse-rate of only 13%, whereas remaining patients (MRDmedium-risk patients; 30% of patients) had a relapse rate of 31%. Comparison between the current Interfant-06 stratification at diagnosis and the here presented MRD-based stratification showed that both stratifications recognized different subgroups of patients. These data indicate that MRD diagnostics has added value for recognition of risk groups in infant ALL and that MRD diagnostics can be used for treatment intervention in infant ALL as well.
Introduction
Acute lymphoblastic leukemia (ALL) in infants (aged o12 months) is a rare but relatively homogeneous disease when compared with childhood or adult ALL, characterized by MLL gene rearrangements (B80%), CD10-negative immunophenotype (B70%), immature rearrangement patterns of immunoglobulin (Ig) and T-cell receptor (TCR) genes (B65%), and high tumor load at presentation (X100 Â 10 9 cells/l; B60%).
1-4 Infant ALL thereby is biologically different from ALL in older children. 5, 6 Also clinically, infant ALL comprises a distinct subgroup, characterized by an event-free survival (EFS) of around 47%, which is in contrast to the EFS in older children with ALL (approximately 80%). 7 The clinical outcome of infants with ALL is dependent on several characteristics. In the recent Interfant-99 protocol, it was shown that MLL rearrangements, very high white blood cell count (4300 Â 10 9 cells/l at diagnosis) and age o6 months were independently associated with inferior outcome. 8 On the basis of these three risk factors, infant ALL patients could be divided into three groups, which differed significantly in 4-year EFS: patients with germline MLL (74.0; 20% of patients); patients with all three risk factors (19.8 ; 20% of patients); and remaining patients (44.8; 60% of patients). 8 Several studies have shown that detection of minimal residual disease (MRD) is a strong and independent prognostic factor in the heterogeneous groups of childhood (41 year of age) and adult ALL. [9] [10] [11] [12] [13] [14] [15] In particular, analysis of the kinetics of tumor load reduction appears to be highly informative to identify patients with a high chance of relapse and those who will likely remain in complete remission. 9 Whether MRD also has prognostic significance in infant ALL is not yet known. Furthermore, MRD analysis in infant ALL may be hampered by the immature Ig/TCR gene rearrangement pattern and the high frequency of oligoclonality. 3 However, in these patients the rearranged MLL gene can serve as MRD-PCR target, if the exact DNA breakpoint region in the MLL gene has been identified. [16] [17] [18] To evaluate whether MRD has prognostic significance in infant ALL, we analyzed MRD by real-time quantitative-PCR analysis of rearranged Ig/TCR and MLL genes in infant ALL patients treated according to the Interfant-99 protocol.
Materials and methods

Patients and treatment protocol
Ninety-nine patients were included in this study, based on the availability of DNA material at diagnosis as well as at least two follow-up time points (TP). All patients were enrolled into the Interfant-99 protocol 8 and their parents gave written consent according to the Declaration of Helsinki. This study was approved by the Ethics Committee of all collaborating institutions and registered at ClinicalTrials.gov, number NCT 00015873, and at controlled-trials.com, number ISRCTN24251487.
Cell sampling
Bone marrow samples were obtained at diagnosis, during induction (day 15, TP1; n ¼ 47), after induction (TP2; n ¼ 84), after MARAM (TP3; n ¼ 60), after OCTADD (TP4; n ¼ 38), after VIMARAM (TP5; n ¼ 11), after maintenance 1 (TP6; n ¼ 6) and after maintenance 2 (TP7; n ¼ 5) (Figure 1a ). Samples were shipped to the central MRD-PCR laboratories (Vienna (Austrian patients), Monza (Italian patients) and Rotterdam (all other patients).
Detection of MRD
Ig/TCR gene rearrangements were detected in the diagnostic specimens as described previously. [19] [20] [21] [22] [23] On the basis of the junctional region of the identified rearrangements, patientspecific primers were designed and tested for sensitivity and specificity. 20, 22, [24] [25] [26] [27] At diagnosis, MLL rearrangements were evaluated by split signal FISH and/or PCR analysis of fusion gene transcripts. 3 For patients with MLL rearrangements, the break point at the DNA level was analyzed as described previously. [16] [17] [18] [28] [29] [30] Patientspecific primers were designed and used in combination with MLL probes for real-time quantitative-PCR analysis. Due to the large variation in break point locations, most patients required the design of specific oligonucleotides. 31 Real-time quantitative-PCR data were analyzed according to the guidelines of the European Study Group on MRD detection in ALL (ESG-MRD-ALL). 32 If analysis of the same bone marrow sample, with two or three different PCR targets, resulted in different tumor-load estimations, the highest MRD level was assumed to be most accurate and used for all subsequent data analysis.
9,14
Statistical analysis
To compare Interfant-99 patients with and without MRD evaluations with respect to known prognostic features, w 2 -tests were performed. Disease-free survival (DFS) was defined as the time from first complete remission (or from TP2 or TP3 for MRD-based subgroups) to last follow-up or to relapse, death in complete continuous remission or second malignancy. At each time point, all patients evaluated for MRD were by definition 
Results
Patients
Out of the 478 patients enrolled in the Interfant-99 protocol, 99 patients were included in the MRD study. These 99 patients were all B-lineage ALL with no significant differences in age, gender, MLL status, CD10 distribution and 5-year DFS as compared with the patients not studied for MRD. The median follow-up time was 58 months (range: 1-102).
In 83 patients (84%), at least one MRD-PCR target reached a quantitative range of p10 À4 . From the remaining patients, 11 had a quantitative range of 5 Â 10 À4 and five had a quantitative range of 10 À3 . In these 16 patients, MRD data were only taken into account if quantitative MRD data were obtained (that is, MRD level within quantitative range of the assay). 32 
Comparison between MLL and Ig/TCR targets
In total, 149 Ig/TCR targets and 49 MLL targets were used for MRD analysis. A quantitative range of at least 10 À4 was reached for 74 Ig/TCR targets (52%) and for 35 MLL targets (71%). A sensitivity of at least 10 À4 was reached in 134 Ig/TCR targets (94%) and 47 MLL targets (96%). In 40 patients, both Ig/TCR and MLL rearrangements were used as MRD-PCR target. As MLL gene rearrangements are related to the oncogenic process, such rearrangements are likely present in all leukemic cells. In contrast, Ig/TCR gene rearrangements (particularly IGH gene rearrangements) in infant ALL are often oligoclonal and may hence only be present in a subset of the leukemic cells. 3 We therefore analyzed whether MRD data obtained by Ig/TCR gene rearrangements were comparable with MRD data obtained by MLL gene rearrangements. Concordant results (defined as less than threefold difference between the two approaches) were obtained in 80 out of 123 samples (65%) (Figure 2 ). In 23 samples (19%) seemingly discrepant MRD data were observed: in 8 samples (7%) MRD levels obtained by both targets were outside the quantitative range of the assay (positive versus negative MRD results) and in 15 samples (12%) MRD data could be quantified by one target, but could only be scored 'positive' by analysis of the other target. In the latter samples, MRD levels were always just around the quantitative range of the assay. The discrepant MRD data obtained in these 19% of samples therefore do not reflect true differences in MRD level but rather reflect minor variations around and below the limit of the quantitative range.
In six samples (5%), MRD data obtained by Ig/TCR rearrangements moderately exceeded the MRD level obtained by analysis of MLL rearrangements by more than factor three (range: 3.5-to 5.7-fold). Finally, in 14 samples (11%), MRD data obtained by Ig/TCR rearrangements were clearly lower than MRD data obtained by MLL rearrangements, indicating that only a subclone was monitored by Ig/TCR rearrangement analysis (range of difference in MRD level: 3.9-to 410 000-fold).
Kinetics of MRD positivity during treatment
The frequency of MRD-positive patients as well as the level of MRD positivity decreased with time ( Figure 1b) . After induction therapy (TP2), about 40% of patients still had high (10 À3 to o10
À2
) or very high (X10 À2 ) MRD levels, while after consolidation therapy (TP3) approximately half of patients became MRD-negative. At later TP MRD could be detected in only a minority of patients and MRD levels generally were o10 À4 . Patients with MLL-rearrangements showed a significant slower reduction in tumor load as compared with MLL-germline patients (Figure 1c ).
Prognostic significance of MRD levels at a single TP
Out of 46 patients with available data at day 15 (TP1), the vast majority had very high (29) or high (6) MRD levels, resulting in 18 relapses overall. Of the 11 remaining patients, two patients were MRD-negative and remained disease-free, whereas out of the nine patients with low-to-moderate MRD levels, one suffered an off-therapy relapse. The MRD level at TP2 (after induction) significantly discriminated outcome: the higher the MRD levels, the lower the DFS (Po0.0001, Figure 3a) . One MLL-germline patient had MRD levels 410 À2 at TP2 and relapsed; all other MLL-germline patients had lower MRD levels and remained in remission. Also at TP3 (after MARAM), the MRD level significantly influenced DFS (Po0.0001, Figure 3b ). In fact, all patients with moderate to very high MRD levels (X10 À4 ) at TP3 relapsed, indicating that MRD levels X10 À4 at this TP allow recognition of extremely poor-prognosis patients. All evaluable MLL-germline patients had negative of very low MRD levels (o10
À4
) at TP3 and all remained in remission. At TP4 (after OCTADD), MRD positivity (14 out of 38 patients) was associated with a high relapse rate (71%), whereas out of the 24 MRD-negative patients 4 relapsed (17%). At later TP, too few samples were available for reliable analysis. Of note, the single patient being MRD positive at the end of therapy (TP7) relapsed few weeks later, whereas the MRD-negative 
Prognostic significance of MRD in infant ALL
As the absence of MLL rearrangements is associated with good prognosis (4-year EFS 74.0%), 8 we also evaluated the prognostic significance of MRD after exclusion of 22 and 17 MLL-germline patients at TP2 and TP3, respectively. DFS curves of MLL-positive patients only showed the same pattern as the total group of patients, both at TP2 and TP3 (data not shown).
Prognostic significance of MRD levels at TP2 and TP3
As the kinetics of tumor load reduction may provide more accurate prognostic significance than MRD analysis at a single TP, 9 we grouped patients according to the combined MRD results at TP2 and TP3. On the basis of the combinations of MRD levels, the distribution of patients and relapses (Table 1) , three risk groups could be distinguished. An evident MRD-high-risk group was defined by an MRD level at TP3X10
À4
. This MRD-high-risk group consisted of 26% of patients and all patients relapsed. The remaining patients could be separated in an MRD-low-risk group (defined by MRD levels o10 À4 at both TP) and an MRD-medium-risk group (all remaining patients). In the relatively large MRD-low-risk group (44% of patients) only 13% relapsed, whereas in the MRD-medium-risk group (30% of patients) 31% relapsed (Figure 4) . These MRD-low-risk, MRD-medium-risk and MRD-high-risk groups contained nine, two and none MLL-negative patients, respectively.
If only patients with MRD-negativity (instead of MRDo10 À4 ) were considered MRD-low-risk (comparable with current childhood ALL definitions), 9,14 the MRD-low-risk group consisted of 24% of patients with 15% relapses, whereas in the MRDmedium-risk group (50% of patients) 22% of patients relapsed. These MRD-low-risk and MRD-medium-risk groups contained six and five MLL-negative patients, respectively.
Comparison between MRD-based stratification and Interfant-06 stratification
On the basis of the results of the Interfant-99 protocol, infants enrolled in the recently started Interfant-06 protocol are Prognostic significance of MRD in infant ALL VHJ Van der Velden et al stratified as low-risk (MLL-germline), high-risk (MLL rearrangement, age o6 months at diagnosis and WBC X300 Â 10 9 /l) or medium-risk (all remaining patients). 8 The relationship between this Interfant-06 stratification at diagnosis and the here presented MRD-based stratification shows that the two stratifications recognize different subgroups of patients (Table 2) .
It is noteworthy that an MRD level X10 À4 at TP3 dissects patients with dismal prognosis in both medium-risk and highrisk group according to Interfant-06 stratification. This factor is significant when analyzed in a Cox model where both stratifications are included. The MRD-high-risk group, as compared with the MRD-medium-risk group, is associated with a 6.4-fold increase of hazard of relapse (95% confidence interval 2.3-17.7, Po0.001). This finding should be seen with caution due to low numbers that can also explain the lower than expected number of relapses in the 12 patients who, according to Interfant-06 stratification, are at high risk with an expected 20% EFS. 8 
Discussion
Although some reports described MRD data in infants with ALL, this study is by far the largest and the first multi-center prospective study. Several factors were crucial to perform this study: a large-scale international treatment protocol (Interfant-99) allowing analysis of similarly treated infants with ALL, largely standardized laboratory protocols and standardized guidelines for MRD real-time quantitative-PCR data interpretation. 8, 32, 33 These protocols and guidelines were developed over the past years within the I-BFM-SG MRD Task Force and the ESG-MRD-ALL. 32, 33 Infant ALL is characterized by high frequencies of MLL gene rearrangements, 1, 3 and as such rearrangements most likely are stable during the disease course they potentially are excellent MRD targets. The recent development of new methods to characterize MLL break points at the DNA level allows the routine application of MLL rearrangements as MRD-PCR targets. 17, 18, [28] [29] [30] In fact, MLL rearrangements are preferred over Ig/TCR rearrangements as MRD-PCR targets, as MLL rearrangements are assumed to be present in the total leukemic clone, which is in contrast to the frequently oligoclonal Ig/TCR rearrangements in infant ALL. 3 Consequently, MRD data obtained by analysis of MLL rearrangements may provide a more accurate estimation of the level of MRD. Indeed, our data show that in approximately 10% of samples, MRD data obtained by analysis of Ig/TCR rearrangements result in an underestimation of the actual MRD load as determined by MLL analysis. Furthermore, the quantitative range of MLL rearrangements reaches at least 10 À4 in over 70% of cases as compared with approximately 50% of Ig/TCR targets, which most likely is related to the frequently subclonal Ig/TCR rearrangements. We therefore recommend the use of MLL rearrangements as first choice targets for MRD analysis in MLL-positive ALL.
Grouping patients according to the MRD level at TP2 (postinduction) resulted in a broad gradient of DFS values. This TP particularly seems to be suitable for recognition of low-risk patients. In contrast, MRD diagnostics at TP3 (post-MARAM) particularly recognizes high-risk patients with high accuracy: all patients with MRD levels X10 À4 relapsed. Our data are in contrast to those reported by Li et al., 4 who did not find any difference in MRD levels post-induction between those patients who did or did not relapse. However, in that study only nine infant ALL patients were monitored. The use of MRD at TP3 may be limited due to the short time to relapse, which may require intensification already early during treatment, that is, after induction. Within the on-going Interfant-06 protocol, two strategies of post-induction treatment intensification are therefore being compared.
Although MRD data at individual TP already had prognostic significance, an even more accurate risk group definition could be made based on combined MRD results at TP2 and TP3. Most importantly, such stratification allowed recognition of an evident MRD-high-risk group (26% of patients) with 100% relapses that may profit from alternative or experimental treatment strategies. 5 In addition, an MRD-low-risk group of ; patients were considered MRD-low-risk if MRD levels were o10 À4 at both time points; all remaining patients were considered MRD-medium-risk. Prognostic significance of MRD in infant ALL VHJ Van der Velden et al 44% of patients with 13% relapses and a remaining MRDmedium-risk group of 30% of patients with 31% relapses could be identified. Despite the large group of MRD-low-risk patients (almost half of patients), only 14% of all relapses occurred in this group and these patients therefore do rather well using the current treatment. Of note, in this group both MLL-germline patients and patients with MLL-rearrangements were present. In the MRD-medium-risk group, 38% of all relapses occurred and these patients consequently might profit from alternative or intensified therapy. If an alternative definition was used for the MRD-low-risk group (MRD negative at TP2 and TP3), comparable data were obtained, although the groups defined by this definition differed with respect to the relative sizes of the MRDmedium-risk and MRD-low-risk groups. Given the small sample sizes of the MRD-medium-risk and MRD-low-risk groups and the modest difference in DFS, future studies are required to confirm that these two groups indeed are different. Whereas MRD negativity at early TP in childhood ALL is associated with a very low relapse rate (o10%), 9 two out of 13 infants who were MRD-negative at both TP2 and TP3 (15%) relapsed after VIMARAM during maintenance therapy (remission duration 9 and 18 months). These two patients did not appear to have special characteristics (one 7 months old MLL-AF10-positive girl and one 2 months old MLL-AF4-positive girl, both with a good prednisone-response and white blood cell count o300 Â 10 9 cells/l at diagnosis) and had no apparent protocol deviations. False-negative MRD results were excluded by confirming the presence of the applied MRD-PCR targets in the relapse specimen and by short tandem repeat genotyping excluding sample change (data not shown). Therefore, although patient numbers in our study are still limited, it might be that analysis of MRD in infant ALL may not allow recognition of a very good risk group.
Comparison between the risk group stratification of the Interfant-06 protocol and the MRD-based risk group stratification suggests that the MRD-based classification is more useful to identify the patients with high risk of relapse: 13 out of 21 relapses were comprised in the MRD-high-risk group, whereas the Interfant-06-based high-risk group contained only 6 out of 21 relapses. This finding should be seen with caution due to low numbers that can also explain the lower than expected number of relapses in the 12 patients who, according to Interfant-06 stratification, are at high risk with an expected 20% EFS. 8 Furthermore, this comparison suggests that the 11 MLL-germline patients might not need MRD diagnostics, because none of these patients relapsed. However, in the total Interfant-99 protocol, the MLL-germline patients reached a 4-year EFS of 'only' 74%. 8 Furthermore, the single MLL-germline patient with high MRD levels (410
À2
) at TP2 relapsed; TP3 was not available. Therefore, it might well be that relapses in the MLL-germline patients can be 'predicted' by MRD diagnostics; this is currently under investigation in the Interfant-06 protocol.
The MRD results of the Interfant-99 protocol indicate that MRD diagnostics has added value for recognition of risk groups in infant ALL and that MRD diagnostics can also be used for treatment intervention in the rather homogeneous group of infant ALL. Apparently, MRD diagnostics has independent prognostic value, simply because it measures in vivo therapy efficacy, which represents a complex combination of parameters different from the classical clinical and laboratory characteristics at diagnosis. As several adaptations have been introduced in the early treatment phases of the current Interfant-06 protocol, the value of MRD in Interfant-06 has to be shown by the currently ongoing MRD study in which standardized MRD diagnostics is performed at the national level, according to the guidelines and quality control system of the European Study Group on MRD in ALL. 32 
